The orphan G protein-coupled receptor 78 (GPR78) gene lies within a region of chromosome 4p where we have previously shown linkage to bipolar affective disorder (BPAD) in a large Scottish family. GPR78 was screened for single-nucleotide polymorphisms (SNPs) and a linkage disequilibrium map was constructed. Six tagging SNPs were selected and tested for association on a sample of 377 BPAD, 392 schizophrenia (SCZ) and 470 control individuals. Using standard v 2 statistics and a backwards logistic regression approach to adjust for the effect of sex, SNP rs1282, located approximately 3 kb upstream of the coding region, was identified as a potentially important variant in SCZ (v 2 P = 0.044; LRT P = 0.065). When the analysis was restricted to females, the strength of association increased to an uncorrected allele P-value of 0.015 (odds ratios (OR) = 1.688, 95% confidence intervals (CI): 1.104-2.581) and uncorrected genotype P-value of 0.015 (OR = 5.991, 95% CI: 1.545-23.232). Under the recessive model, the genotype P-value improved further to 0.005 (OR = 5.618, 95% CI: 1.460-21.617) and remained significant after correcting for multiple testing (P = 0.017). No single-marker association was detected in the SCZ males, in the BPAD individuals or with any other SNP. Haplotype analysis of the case-control samples revealed several global and individual haplotypes, with P-values < 0.05, all but one of which contained SNP rs1282. After correcting for multiple testing, two haplotypes remained significant in both the female BPAD individuals (P = 0.038 and 0.032) and in the full sample of affected female individuals (P = 0.044 and 0.033). Our results provide preliminary evidence for the involvement of GPR78 in susceptibility to BPAD and SCZ in the Scottish population.
Introduction
Bipolar affective disorder (BPAD) and schizophrenia (SCZ) are severe and debilitating mental illnesses, each of which affects approximately 1% of the population. Family, twin and adoption studies have supported a strong genetic component to the susceptibility of BPAD and SCZ, but have also indicated that the inheritance patterns are complex. 1 Several linkage regions reaching genome-wide significance have been reported.
2,3 Previously, we described a genome-wide linkage study in a large Scottish family (F22) segregating major affective disorder. 4 Two-point linkage analysis gave a maximum logarithm of odds (LOD) score of 4.1 to a region on chromosome 4p. A recent follow-up study of this family, in which five additional affected F22 individuals were identified and several additional microsatellite and singlenucleotide polymorphism (SNP) markers were incorporated, resulted in a maximum LOD score of 4.4. 5 Analysis of a small Scottish family also showed positive linkage to the region (F59, LOD = 0.9). 5 A number of other groups have found evidence of linkage of BPAD and/or SCZ to this 4p region as well. Asherson et al. 6 reported linkage in a schizoaffective family (F50, LOD = 2.0); Ewald et al. 7 reported linkage in BPAD families (LOD = 2.0); Detera-Wadleigh et al. 8 investigated families with major mental illness, and their largest family (F48) generated an LOD of 3.2; Williams et al. 9 found increased sharing in SCZ sibpairs (LOD = 1.7); Lerer et al. 10 found a non-parametric LOD score of 2.2 in families with SCZ and schizoaffective disorder; and Als et al. 11 found excess haplotype sharing (best P-value, P = 0.00007) in families with BPAD and SCZ.
Microsatellite haplotype analysis revealed that the linkage regions identified in the three families, F48, F50 and F59, overlap and dissect the significant F22 linkage region into four subregions (A-D), which can be prioritised on the basis of strongest linkage evidence and/or ancestral origin. 5 Inspection of a BAC clone contig of the F22-linked region revealed several positional candidate genes in region B, 12 including the orphan G protein-coupled receptor 78 (GPR78). We selected GPR78 for a case-control association study because of its location in the 4p-linked region and its predicted function as a G protein-coupled receptor (GPCR). The GPCR family is the most abundant member of the cell surface receptor families, recognising and transducing messages from sources as diverse as light, calcium, odorants and small molecules, and is well positioned to mediate subtle changes in cellular function. Several members of this family have already been implicated in the pathophysiology of psychiatric illness. [13] [14] [15] GPR78 was identified by virtue of its homology to orphan GPR26, which was identified in human and rat. 16, 17 Rat GPR26 encodes a 317-amino-acid protein distantly related to the serotonin 5-HT5a and gastrinreleasing hormone BB2 receptors. 17 The GPR78 gene is approximately 6.5 kb long, encodes a 363-aminoacid protein and has three exons, which give rise to the classic seven transmembrane domain (TMD) receptor structure of GPCRs, with an extracellular Nterminus and an intracellular C terminus ( Figure 1 ). GPR78 shares highest sequence identity with GPR26 (49% overall and 56% in the TMD regions). They have a similar intron-exon structure and a similar protein structure with a short amino-terminus, no asparagine-linked extracellular glycosylation site and cationic arginine and lysine residues in TMD 6 and 7, respectively. 16 Their overall structural homology suggests that they may encode receptors that bind to a common endogenous ligand, although no ligand has been identified for either of the two GPCRs 16, 17 and nothing is known about their physiological role.
GPR78 mRNA is expressed in the pituitary and the placenta, 16 consistent with a potential role in the functioning of the hypothalamic-pituitary-adrenal (HPA) axis and in pregnancy. The HPA axis is involved in hormone and stress regulation, 18 and its dysregulation has been implicated in major affective disorder 19, 20 and SCZ. 21 The prenatal period is a critical time for the development of systems such as the HPA axis, and there is evidence that maternal stress increases the likelihood of abnormal HPA functioning and abnormal responses to stress in the mature offspring. 22 Other prenatal insults transmitted via the mother, such as maternal infection or malnutrition, have also been implicated in the pathogenesis of psychiatric illness. 23 However, little is understood about the role of the prenatal environment and the involvement of the HPA axis in the pathogenesis of psychiatric illness.
The map location and putative function of GPR78 combine to make it a good candidate gene for psychiatric illness. We have tested this hypothesis via a threestep process: First, we screened GPR78 for SNPs from the 4p-linked families; second, we constructed a custom linkage disequilibrium (LD) map of the region and selected haplotype-tagging SNP (htSNPs) that best represented the variation in the region; and third, we performed a case-control association study in a sample of 377 BPAD, 392 SCZ and 470 control individuals.
Materials and methods
This study was approved by the Multicentre Research Ethics Committee for Scotland and written informed consent was obtained from all participants.
Association sample
Individuals suffering from BPAD or SCZ were recruited from in-patient and outpatient services at the Royal Edinburgh and other Scottish psychiatric hospitals. All were screened using the semistructured Schedule for Affective Disorder and SchizophreniaLifetime version (SADS-L) 24 interview schedule by psychiatrists experienced in its use. This generated information that allowed diagnosis by both Diagnostic and Statistical Manual of Mental Disorders (4th Edition) (DSM-IV) 25 and International Classification of Diseases (10th Revision) (ICD-10) 26 criteria for BPAD or SCZ. All diagnoses were reviewed independently by two experienced psychiatrists and a consensus diagnosis was reached where necessary. Control subjects were drawn from the same population in South East and South Central Scotland. The majority (391) were recruited through the Scottish National Blood Transfusion service. Although the blood donors were not screened by interview for personal or family history of psychiatric illness, donors are only allowed to donate blood if they are not currently on medication and have no chronic illness. The remaining controls (79) were recruited from the local population or from hospital staff. These controls were briefly screened by interview to exclude anyone currently on medication or with a history of treatment for psychiatric illness.
Power calculations A priori power calculations, following the methods described in Risch, 27 showed that for the attainable sample size of 395 cases and 395 controls, we would have 80% power (Type 1 error = 5 Â 10
À5
) to detect an association of an allele that shows a heterozygote relative risk (multiplicative model) of 1.6 and has a control allele frequency is 0.40. When the control allele frequency is 0.10, the heterozygote relative risk of the allele would have to be at least 2 before we would have 80% power to detect an association.
SNP discovery and genotyping SNP discovery. SNPs were identified from 46 individuals drawn from four families (F48, F50, F59 and F22) that show linkage to chromosome 4p. This provided 38 control chromosomes and four 'linked chromosomes'. 5 Each family contributed one 'linked chromosome', which represents the haplotype shared by all the individuals that contributed to the linkage signal in that family.
Primers were designed to cover the coding regions, the splice sites and approximately 1.2 kb of the 5 0 UTR and 500 bp of the 3 0 UTR of GPR78, using the Primer 3 primer design program (http://www.broad.mit.edu/ cgi-bin/primer/primer3_www.cgi). 28 The STS sequences have been submitted to Genbank (Accession numbers: BV678010-BV678017). PCR conditions were optimised on control DNA. PCR was performed in total volume of 15 ml with 20 ng DNA, 1 Â reaction buffer with 1.5 mM MgCl 2 (Perkin-Elmer), 100 mM of each dNTP (Sigma), 0.5 U Taq DNA polymerase (Sigma) and 0.33 mM of each primer (Invitrogen). PCR cycling was carried out on a PTC-225 thermal cycler (MJ Research). PCR cycling conditions consisted of denaturation at 931C for 1 min, followed by 10 cycles of 931C for 20 s, 651C for 30 s, minus 11C/ cycle and 721C for 1 min, followed by 30 cycles of 931C for 20 s, 551C for 30 s and 721C for 1 min and a final extension of 721C for 10 min. Three microlitres of the PCR product was resolved on a 2% agarose gel and DNA concentration was estimated with 250 and 500 ng of Ready Loadt PhiX174 RF DNA/HaeIII fragments (Invitrogen).
DNA sequencing was performed using BigDye 29 (http://bozeman.mbt.washington.edu/index.html). SNPs were identified and genotypes noted by visual inspection of the sequence traces. All SNPs were identified from high-quality sequence reads. Genotypes were scored blind to phenotype by two individual investigators and then checked for Mendelian segregation.
Genotyping. The SNPs identified from the SNP discovery population were genotyped at the Sanger Institute by the MASSARRAYt primer extension method (Sequenom 
Statistical analysis
The standard w 2 -test of independence was used to examine all successfully genotyped biallelic markers for deviations from Hardy-Weinberg equilibrium (HWE). An HW significance threshold of P = 0.004 (adjusted from 0.05 for the 14 successfully genotyped markers) was selected to account for testing multiple markers. Pairwise LD measure, r 2 , was calculated by downloading the relevant genotype data into Haploview 30 (http://www.haploview.org). r 2 ranges from 0 (linkage equilibrium) to 1 (perfect LD). It measures the statistical correlation, squared, between two loci. r 2 = 1 if exactly two of the four possible haplotypes are present, which occurs only when the allele frequencies at the two loci are identical. 31 While a high r 2 can be obtained only if the allele frequencies are similar, too low a value of r 2 can result in insufficient power to detect an association at a marker locus assumed to be linked to the disease locus, due to the inverse relationship between r 2 and sample size. 32 The LD blocks were constructed by examining the r 2 between all pairs of markers, using an intermediate threshold of r 2 > 0.65. Tagging SNPs from each block were selected to represent haplotypes within the blocks with frequencies greater than 5%.
Linkage to chromosome 4p has been shown in families affected with BPAD and/or SCZ. Thus, we deemed it necessary to test the hypotheses that GPR78 may be involved in the pathogenesis of BPAD, SCZ or both BPAD and SCZ, in which all affected individuals were grouped together, as it has been previously suggested that the two psychiatric illnesses may share susceptibility loci. 33, 34 Similarly, owing to evidence of differences between males and females in the manifestation of psychiatric illness 35 and from findings of sex-specific association in the analysis of other candidate genes, 15, 36 analysis was also carried out on samples separated on the basis of gender.
Differences in allele and genotype frequencies between cases and controls were evaluated with the w 2 -test of independence (with 1 and 2 degrees of freedom, respectively). Fisher's exact test, as implemented in SISA (http://home.clara.net/sisa/), was used when appropriate, for sparse contingency tables. Significance was initially declared at a nominal Pvalue of 0.05. The significance of the odds ratios (ORs) was determined using a z-statistic. ) was applied to test the significance of adjacent and non-adjacent marker genotypes, working individually or jointly, in predicting the diagnosis of each patient, while adjusting for the confounding effects of gender caused by differences in ascertainment. The patient diagnosis was declared as the dichotomous dependent variable (1 = affected, 0 = unaffected) and sex and the genotypes of the SNPs were declared as the independent variables. Sex was set as a categorical variable (1 = male, 0 = female), whereas the genotypes were tested as linear, which assumes that the logarithm of the OR for the heterozygotes is midway between that for the two homozygotes. The SPSS Backward Wald procedure fits all of the independent variables into the model and then removes the insignificant variables one-by-one based on the probability of Wald test statistic (removal P > 0.10). As each individual must be genotyped successfully on all markers in order to be included in the logistic regression analysis in SPSS, the final model identified from the backward Wald analysis was subsequently refitted using the most complete set of data available for the variables in that model, in order to utilise all of the available power. Only interactions between the variables emerging as significant from the backward analysis were tested, in order to avoid overfitting and to control multiple testing. As no prior knowledge of the interactions in GPCRs and their implication in psychiatric illness exists, there was no basis for selecting particular interactions to test and the sample size was insufficient to test all possible interactions. The significance of the model as a whole was assessed by the value of the log ratio statistic produced when the significant variables were included in the model.
Haplotype frequency estimation and comparison was carried out using the statistical analysis program COCAPHASE 2.43 39 (http://portal.litbio.org/Registered/Option/unphased.html). This software uses the EM algorithm to estimate the haplotype frequencies of unphased genotype data and standard unconditional logistic regression analysis, applying the likelihood ratio test under a log-linear model, to compare haplotype frequencies between cases and controls. In order to avoid misleading results caused by rare haplotypes, all haplotypes with a frequency less than or equal to 5% in both the cases and the controls were declared as rare and clumped together for the test of the null hypothesis, using the command line option 'Àrare 0.05'. P-values for both global and individual tests of haplotype frequencies were determined. The global test P-value assesses the significance of the overall difference in the distribution of haplotype frequencies between cases and controls. The P-value from the individual test represents the significance of the difference in frequency of an individual haplotype between cases and controls. A sliding-window approach was used to test all possible haplotypes of lengths two to six.
In order to account for the multiple SNPs and haplotypes tested, permutation analysis (1000 or 10 000 permutations) was performed also using Cocaphase. Cocaphase reassigns the diagnosis labels (case versus control) of the individuals. All of the markers within the specified window size are then tested and the most significant P-value is stored. Based on the distribution of the most significant Pvalues resulting from each test of the permuted data, a significance level is provided for the P-value of interest.
Bioinformatics analysis
Bioinformatics analysis was performed firstly to assess the functional significance of the non-synonymous SNPs identified. Amino-acid sequence conservation among other GPCRs and between species was investigated by querying the NCBI non-genomic sequences using the BLAST algorithm 40 (http:// www.ncbi.nlm.nih.gov/BLAST/) and the GPR78 protein sequence (NP_543009) as the query. The program SIFT 41 (http://www.blocks.fhcrc.org/sift/SIFT.html) was then used to determine the probability that the observed amino-acid substitution is tolerated. The DAS-TM filter algorithm 42 (http://wooster.bip.bham.ac.uk/DAS.html) was applied to determine if the SNP in question alters the predicted TMD structure. The PROSITE 43 (http://us.expasy.org/prosite/) database of protein families and domains was searched to determine whether the alternative amino acids in the protein creates or abolishes a particular functional motif. Finally, NetPhos Version 2.0 44 (http:// www.cbs.dtu.dk/services/NetPhos/), which uses a neural network-based method for predicting potential phosphorylation sites at serine, threonine or tyrosine residues in protein sequences, was applied, where appropriate, to predict whether a particular site is likely to be phosphorylated and if the substitution alters that process.
To assess the significance of any non-coding SNPs, cross-species conservation was examined using the 'Human/Chimp/Mouse/Rat/Chicken Multiz 45 Alignments & PhyloHMM 46 Cons' track on the UCSC Genome Browser. 47 The Multiz alignments were based on the human 48 The MATCHt program 49 (http://www.gene-regulation.com/cgi-bin/pub/programs/match/bin/match.cgi), which is connected to the TRANSFAC s database, 50 was used to determine if the non-coding SNPs located in putative regulatory regions create or destroy any predicted transcription factor binding sites. Two sequences (50 bp) containing the alternate alleles for the SNP of interest were submitted. Beyond the default settings, MATCH was set to search only the vertebrate matrix groups and to minimise the false-positive matches.
Results

SNP discovery
The coding region, splice sites and putative regulatory regions of the positional and functional candidate gene GPR78 were screened for SNPs using DNA from the 4p-linked family members. Twenty-three SNPs were identifed (Figure 1 ), 18 of which had been previously described in dbSNP (www.ncbi.nlm.nih. gov.SNP/) (dbSNP build 121). The five SNPs identified in-house have since been submitted to dbSNP (see Table 1 ). One SNP (SNP 4, ih165) was dropped immediately from the study on account of its low minor allele frequency (MAF < 3%).
LD map construction and tagging SNP selection
In addition to the 22 SNPs discovered from the family panel, three commercial, 'AOD' SNPs were selected to cover further upstream and downstream of the coding region, with AOD SNPs rs11736084 and rs1282 almost 8.8 and 3.0 kb, respectively, upstream from the start codon and SNP rs3756179 approximately 3.6 kb downstream from terminating codon ( Table 1) . These 25 SNPs were genotyped in 89 control individuals. Of the 25 SNPs, only 14 amplified successfully, produced substantial ( > 70%) genotype data and were polymorphic. Of those 14 SNPs, nine met HW (P > 0.004) and had a minor allele frequency greater than 3%, making them suitable for the construction of an LD map ( Table 1, in italics) . One of the reasons that so many SNP assays were problematic was because the GPR78 gene region is repetitive in parts (data not shown), making it difficult to construct primers to genotype specific SNPs reliably.
The purpose of constructing the custom haplotype map of GPR78 was to select the set of htSNPs that best represented the haplotypic variation in the GPR78 Numbering of SNPs corresponds to Figure 1 . AOD refers to the 'Assay On Demand' SNPs selected to cover regions further upstream and downstream of the gene. dbSNP Accession numbers (rs*) are included (dbSNP build 121). For those identified in-house, an 'ih' number and the recently assigned 'rs' number (dbSNP build 123) are included. The distance (in base pairs) between each consecutive SNP, the HW test P-value and the minor allele frequency (MAF) of the SNPs in the control sample are provided. SNPs that were included in the LD analysis are bold.
region in the Scottish sample under study, while minimising the genotyping requirements. Using the genotype data from the unaffected individuals, r 2 was calculated and used to determine the LD block boundaries. Figure 2 shows the results of the LD map construction. A threshold of r 2 > 0.65 revealed six LD blocks. The following six tagging SNPs were selected to represent all haplotypes, with a frequency greater than 5%, in each block: rs11736084 (snp1), rs1282 (snp2), ih31 (snp3), rs9685931 (snp4), rs9799720 (snp5) and rs3756179 (snp6), resulting in an average of one SNP per 3.13 kb (Table 1) .
Association analysis
The six htSNPs were genotyped in a case-control sample of 377 individuals with BPAD (163 males, 214 females), 392 individuals with SCZ (280 males, 112 females) and 470 unrelated controls (244 males, 223 females, three unknowns). All six markers met HWE in the cases, as well as in the controls, at the adjusted HW threshold of 0.004 (lowest P = 0.048, in the controls; Supplementary Information, Table S1 ). The genotype success rates were rs11736084 (98.5%); rs1282 (99.1%); ih31 (94.3%); rs9685931 (97.1%); rs9799720 (97.6%) and rs3756179 (98.5%), resulting in an average success rate of 97.5%.
Marginally significant allelic association was detected between rs1282 (snp2) and SCZ (P = 0.044), with the patients more frequently carrying the T allele than the controls (OR = 1.300, 95% confidence interval (CI): 1.006-1.679) ( Table 2) . Only a trend toward significance (P < 0.10) was detected between snp2 and SCZ at the genotype level. When restricting the allele and genotype frequency analysis to the female patients, a stronger association was detected between snp2 and SCZ (allele P = 0.015; genotype P = 0.015), with the female SCZ individuals more frequently carrying the T allele (OR = 1.688, 95% CI: 1.104-2.581) and the TT genotype (OR TT/CC = 5.991, 95% CI: 1.545-23.232; OR CT/CC = 1.272, 95% CI: 0.752-2.152) ( Table 2) . A weaker association was detected in the analysis of all affected females (allele P = 0.035; genotype P = 0.054), reflecting a similar trend in the allele and genotype frequencies of the BPAD females as in those of the SCZ females ( Supplementary  Information, Table S1 ). SNP rs1282 is located almost 3 kb upstream of the methionine start codon. No single-marker association was detected with any other SNP, in the males or in the individuals with BPAD (Supplementary Information, Table S1 ). The backwards logistic regression approach, where genotypes were declared as the independent variables and the model was adjusted for the effects of sex, confirmed the findings of the single-marker analysis. It identified SNP rs1282 as the only SNP to survive the variable selection and only in the SCZ model (Wald P = 0.066, LRT P = 0.065). Likewise, when the analysis was restricted to the females, only SNP rs1282 emerged as significant (Wald and LRT P = 0.020).
Pairwise comparison of the ORs of the rs1282 (snp2) genotypes suggested that the OR of genotype TT was significantly different from that of CC when CC was set as the reference genotype, that is, OR = 1 (z-test P = 0.005) and from that of CT when CT was set as the reference genotype (z-test P = 0.015). However, the OR of CT was not significantly different from that of CC (z-test P = 0.185). This suggested a recessive mode of inheritance (TT versus CC þ CT), which, when tested using the w 2 -test, revealed a stronger association between SNP rs1282 and the SCZ females (P = 0.005, OR = 5.618, 95% CI: 1.460-21.617).
Haplotype frequencies were estimated and compared between cases and controls using unconditional logistic regression, as implemented in Cocaphase. 39 All possible haplotypes were tested for association using a sliding-window approach, for which the haplotypes that were estimated to be rare (frequency < 5%) in both the cases and the controls were clumped together in the test of the global null hypothesis. Many haplotypes at the global and individual level were found to be significant at the nominal significance level of 0.05, in all groups tested. Of the significant haplotypes, all but one contained SNP rs1282, with the T allele always conferring an increase in the risk of being affected (OR > 1) and the C allele a decrease in the risk of being affected (OR < 1) (Supplementary Information, Tables  S2 and S3) .
In order to account for testing multiple SNPs and haplotypes, permutation analysis of 10 000 Columns include the counts of the alleles and genotypes with percentages in parentheses. Significance assessed with the w 2 -test of independence, and declared at a nominal P-value of 0.05 (bold and underlined). ORs and 95% CIs are shown relative to the C allele and the CC genotype. Allele and genotype frequencies for all SNPs are located in Table S1 of the Supplementary Information.
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permutations was performed to correct the single markers and haplotypes that reached the nominal significance level. In the analysis of the SCZ females, SNP rs1282 only remained significant under the recessive model (P = 0.017). No haplotype tested by either the global or individual test maintained its significance after permutation analysis. However, the global test P-values of two related haplotypes remained significant in both the BPAD females and all affected females. These haplotypes were the four-SNP haplotype, rs11736084-rs1282-ih31-rs9685931 (snp1-4) (P = 0.038 and 0.044, respectively) and the five-SNP haplotype, rs11736084-rs1282-ih31-rs9685931-rs9799720 (snp1-5) (P = 0.032 and 0.033, respectively). The individual test P-value of the four-SNP (snp1-4) haplotype, TCCG, also remained significant after permutation analysis (P = 0.048, R = 0.547, 95% CI: 0.367-0.815) ( Table 3) .
Bioinformatics analysis
Two SNPs, ih31 and rs9685931, both of which are in the significant four-and five-SNP haplotypes, change the amino-acid sequence of the GPR78 protein. SNP ih31 occurs in the first exon and changes amino acid 201 from an arginine to a serine, R201S. It occurs in the intracellular loop just after TMD V (Figure 1 ). It changes a charged residue to an uncharged residue in a string of charged residues. In the linked families, the minor allele, C, was observed on nine of the 38 control chromosomes (frequency = 0.237) and on the F50-linked chromosome. The arginine residue does not appear to be conserved among GPCRs or across species as other residues (aspartic acid, phenylalanine and valine) were found in that position, and SIFT 41 analysis indicated that the serine residue is tolerated. Furthermore, SNP ih31 was not predicted to alter the TMD structure nor to create or abolish a PROSITEpredicted protein motif, and NetPhos 44 did not predict the serine variant to be phosphorylated (data not shown).
SNP rs9685931 occurs in the third exon and changes amino acid 342 from an arginine to a histidine, R342H. It occurs in the intracellular Cterminal of GPR78. The variant A allele was observed on four of 38 control chromosomes (frequency = 0.105) and only the linked chromsome of F22. The C-terminal is highly divergent, making it difficult to align with other sequences. Subsequent bioinformatic analysis showed that the SNP allele does not alter the predicted TMD structure, but it does abolish a PROSITE-predicted protein kinase C phosphorylation site.
The other three SNPs from the significant haplotypes, including SNP rs1282, which is located in a putative regulatory region, were assessed by investigating cross-species conservation at these sites, using the Multiz and PhyloHMM track on the UCSC Genome Browser. None of the SNPs were located in or near conserved blocks of DNA (data not shown). When the MATCHt program was used to search the alternate 50 b sequences centred about SNP rs1282, no transcription factor binding sites were predicted for either of the two alleles. The six SNPs and the haplotypes are shown at the top, with the nominally significant SNP rs1282 in bold across. The results of the analysis of the female BPAD and SCZ individuals (all affected (F)) and of the female BPAD individuals (BPAD (F)) are shown under the haplotypes. Both global and individual test P-values are shown, along with their corresponding permuted P-values, ORs with 95% CIs and frequencies in the cases and in the controls. All haplotypes achieving nominal significance (P < 0.05) in the study are shown in Table S2 and S3 of the Supplementary Information.
Discussion
This is the first study reporting polymorphism screening, LD mapping and association analysis of the orphan GPR78 gene in relation to major psychiatric illness. Our single-marker analysis identified one SNP to be significantly associated with SCZ in the females (corrected P = 0.017). Also, two haplotypes, both of which contain the significant SNP, were found to be significantly associated with BPAD (P = 0.038 and 0.032) and with both BPAD and SCZ (P = 0.044 and 0.033). These associations were only detected in the females. At the time that this work was initiated, the International HapMap project 51 was very much in its infancy, and coverage of the GPR78 gene consisted of two SNPs. Therefore, it was necessary to screen the gene for polymorphisms. This resulted in the identification of 23 SNPs, five of which had yet to be described in dbSNP (build 121). The nine SNPs suitable for LD analysis were distributed from the 5 0 UTR to exon 1 region and from exon 3 to the 3 0 UTR. Few SNPs were identified in the intervening intronic regions and exon 2 ( Figure 1) , and those that were failed to meet the inclusion criteria. As a result, LD in this intervening region has not been definitively characterised. A fully comprehensive screen of GPR78 would need to include SNPs between the six LD blocks observed. The current release of the HapMap project (Release no. 16c.1, June 2005) shows that there are nine SNPs genotyped in the same region covered by the nine SNPs used for the LD analysis in our study (Chr4: 8766521-8785280, UCSC Genome Browser Release, July 2003). Only two of these SNPs are the same (rs1282 and rs9685931), making it difficult to compare directly the relative quality of coverage in the region. However, inspection of the location and LD patterns of these nine HapMap SNPs reveals that the same intervening region between exons 1 and 3 is still sparsely covered, offering no additional SNPs for improvement of the LD characterisation in that region.
The single-marker analysis of the case-control sample revealed an association between SNP rs1282 (snp2) and the females with SCZ (uncorrected allele P = 0.015, uncorrected genotype P = 0.015). The T allele conferred an OR of 1.688 (95% CI: 1.104-2.581) and the TT genotype an OR of 5.991 (95% CI: 1.545-23.232) ( Table 2) . Assuming a recessive mode of inheritance, the significance of rs1282 increased (P = 0.005, OR TT = 5.618, 95% CI: 1.460-21.617) and remained significant after permutation testing (P = 0.017). The importance of SNP rs1282 is also emphasised by the fact that all but one of the haplotypes that reached nominal significance contained it. Also, its state, allele T versus allele C, dictated the direction of the OR associated with the haplotype; that is, the T allele always acted as a susceptibility variant (OR > 1), whereas the C allele acted as a protective variant (OR < 1). Furthermore, the backward logistic regression analysis also identified SNP rs1282 as the only significant factor in the SCZ females.
SNP rs1282 is located approximately 3 kb upstream of the GPR78 start site, placing it in a putative regulatory region. However, bioinformatics analysis found that it was not in a conserved sequence block, nor did it alter any predicted transcription factor binding site. This suggests that SNP rs1282 is not itself functional, but instead may be in strong LD with a causative variant.
The sliding-window haplotype analysis identified two global haplotypes that remained significant (P < 0.05) after permutation analysis (10 000 permutations) in the sample of BPAD females and in the sample of all affected females. These haplotypes span the length of the gene and include SNP rs1282. They include the two non-synomous coding SNPs, ih31 and rs9685931, identified from the polymorphism screening process. Bioinformatics analysis does not predict that ih31 will affect the function of the protein in any way. However, rs9685931 was found to abolish a PROSITE-predicted protein kinase C phosphorylation site. PROSITE tends to overpredict protein motifs and therefore this cannot be assumed to be a functional motif. However, the intracellular position of the variant is consistent with an effect on intracellular signalling. Intracellular signalling cascades, such as cAMP, have been implicated in the pathophysiology of BPAD. 13 No association was detected with this SNP alone, arguing against rs9685931 itself being the causative variant, although it may be the case that the power gained in testing haplotypes instead of single markers 52, 53 revealed this underlying association. Alternatively, a nearby SNP in strong LD with rs9685931 or a SNP working in conjunction with rs9685931 may be the causative variant.
The associations identified in this case-control study were all detected in the female individuals. A female-specific association between BPAD and/or SCZ has been previously observed in both GPR50 15 and CREB1. 36 However, we cannot definitively say that there is no effect in males because the 95% CIs of the ORs in the male groups overlap with those of the ORs in the female samples where the significance was observed, indicating that there is no significant difference between their respective ORs. Alternatively, it is possible that the association detected in the females is a false-positive. Therefore, replication studies in other, larger cohorts is warranted.
As ORs and 95% CIs are estimated using the sample from which the statistical significance of the associations was observed, it is likely that they are biased. 54 This means that, given the observed genotypic OR of 5.991 (95% CI: 1.545-23.232) for the TT genotype of SNP rs1282, the next study that is designed with the aim of replicating this should select a sample size that has the power to detect an OR of less than 1.5, as this is the upwardly biased lower bound of the 95% CI. This value is in keeping with the genotypic ORs of the complex disease susceptibility genes that have been identified to date.
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GPR78 was selected as a candidate gene for psychiatric illness by virtue of its genomic location in a region of confirmed linkage and its putative function. Expressed in the pituitary and the placenta, 16 GPR78 may play a role in the functioning of the HPA axis and during pregnancy. The HPA axis is involved in stress regulation, 18 and there is evidence of its dysfunction being associated with BPAD 19 and SCZ. 21 The expression of GPR78 in the placenta also links GPR78 to the functioning of the HPA axis, as it has been shown that prenatal stress, resulting in the release of maternal hormones, can lead to the dysregulation of the HPA axis in the developing fetus. 22 In summary, SNP rs1282 was found to be significantly associated in females with SCZ, under a recessive model. Two haplotypes spanning the length of the gene and including potentially functionally significant variants were also found to be significantly associated with both BPAD and all affected females in a Scottish sample. Our results implicate GPR78 in the pathophysiology of these devastating disorders.
